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Abstract

Rationale—Recent advancements have brought to light the origins, complexity, and functions of
tissue-resident macrophages. However, in the context of tissue injury or disease, large numbers of
monocytes infiltrate the heart and are thought to contribute to adverse remodeling and heart failure
pathogenesis. Little is understood about the diversity of monocytes and monocyte-derived
macrophages recruited to the heart after myocardial injury, including the mechanisms that regulate
monocyte recruitment and fate specification.

Objective—We sought to test the hypothesis that distinct subsets of tissue-resident CCR2- (C-C
chemokine receptor 2) and CCR2+ macrophages orchestrate monocyte recruitment and fate
specification after myocardial injury.

Methods and Results—We reveal that in numerous mouse models of cardiomyocyte cell death
(permanent myocardial infarction, reperfused myocardial infarction, and diphtheria toxin
cardiomyocyte ablation), there is a shift in macrophage ontogeny whereby tissue-resident
macrophages are predominately replaced by infiltrating monocytes and monocyte-derived
macrophages. Using syngeneic cardiac transplantation to model ischemia-reperfusion injury and
distinguish tissue-resident from recruited cell populations in combination with intravital 2-photon
microscopy, we demonstrate that monocyte recruitment is differentially orchestrated by distinct
subsets of tissue-resident cardiac macrophages. Tissue-resident CCR2+ macrophages promote
monocyte recruitment through an MY D88 (myeloid differentiation primary response 88)-
dependent mechanism that results in release of MCPs (monocyte chemoattractant proteins) and
monocyte mobilization. In contrast, tissue-resident CCR2— macrophages inhibit monocyte
recruitment. Using CD (cluster of differentiation) 169-DTR (diphtheria toxin receptor) and CCR2-
DTR mice, we further show that selective depletion of either tissue-resident CCR2—- or CCR2+
macrophages before myocardial infarction results in divergent effects on left ventricular function,
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myocardial remodeling, and monocyte recruitment. Finally, using single-cell RNA sequencing, we
show that tissue-resident cardiac macrophages differentially instruct monocyte fate specification.

Conclusions—Collectively, these observations establish the mechanistic basis by which
monocytes are initially recruited to the injured heart and provide new insights into the
heterogeneity of monocyte-derived macrophages.

Keywords
inflammation; macrophages; monocytes; myocardial infarction; receptors, CCR2

Monocyte recruitment has been observed after various forms of tissue injury and represents
a hallmark characteristic of both infectious and sterile inflammation. Within the context of
cardiovascular disease, peripheral monocyte mobilization and infiltration into diseased
tissues is considered predominately a maladaptive response because it is associated with
adverse outcomes, including infarct expansion, left ventricular (LV) systolic dysfunction, LV
dilation, and atherosclerotic plaque progression.1=8 For example, after myocardial infarction,
peripheral CD (cluster of differentiation) 14+ monocyte abundance is associated with larger
infarct size and deterioration in LV systolic function, despite similar extents of initial
myocardial injury.”-% Consistent with these observations, inhibition of monocyte recruitment
through interruption of MCP (monocyte chemoattractant protein) 1 and CCR2 (C-C
chemokine receptor 2) signaling reduces excessive inflammation and is protective in mouse
models of myocardial infarction and atherosclerosis.310-17 As such, CCR2 inhibitors are
under investigation as potential therapeutics for cardiovascular disease.18:19

However, based on studies demonstrating the remarkable plasticity of monocytes and the
ability of these cells to take on reparative fates,20-22 it is unlikely that all monocyte-derived
macrophages are harmful. In addition, little is understood about the initial mechanisms by
which monocytes are recruited to sites of injury, the diversity of monocyte-derived
macrophages, and the instructive cues that specify their fates. Thus, much remains to be
learned about monocyte-derived macrophages. Understanding the identity, dynamics, and
functions of these cells will likely lead to important opportunities to reduce inflammation
and improve the heart’s intrinsic ability to repair after myocardial infarction.

Previously, we and others have identified functionally distinct subsets of macrophages that
reside within the myocardium under steady-state conditions. Tissue-resident cardiac
macrophages can be divided into CCR2- and CCR2+ subsets derived from embryonic and
adult hematopoietic lineages, respectively.23-26 The existence of specialized cardiac
macrophage populations is consistent with evolving literature regarding the origins of tissue-
resident macrophage across diverse tissues and organs.2324.27-37 CCR2- macrophages seed
the heart during embryonic and early postnatal development, are maintained independent of
peripheral monocyte input under steady-state conditions, and function to promote coronary
development, cardiac regeneration, and facilitate electrical conduction within the
atrioventricular node.34:38:39 Tissue-resident CCR2+ macrophages are derived from
circulating monocytes.23:2440 However, less is known about the functions of this subset.
Functional analogous populations of CCR2- and CCR2+ macrophages have been identified
in the human myocardium.*!
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Based on gene expression profiling revealing expression of various proinflammatory
mediators and the observation that tissue-resident CCR2+ macrophages are necessary for
neutrophil extravasation into the myocardium,*2 we postulated that tissue-resident CCR2+
macrophages represent an integral cell type that initiates inflammation within the diseased
heart. Specifically, we sought to test the hypotheses that tissue-resident CCR2+
macrophages are activated after cardiomyocyte cell death, orchestrate the recruitment of
monocytes to the heart, and regulate the differentiation of monocytes into inflammatory
monocyte-derived macrophage populations.

We used several complementary models of cardiomyocyte cell death, including myocardial
infarction, diphtheria toxin (DT) cardiomyocyte ablation, and syngeneic heart
transplantation. Using these approaches, we reveal that monocytes and monocyte-derived
macrophages infiltrate the heart after cardiomyocyte injury and largely replace tissue-
resident macrophage populations. We further show that recruited monocyte-derived
macrophages represent an inflammatory population and are distinct from tissue-resident
macrophage subsets. Finally, we demonstrate that tissue-resident CCR2- and CCR2+
macrophages differentially regulate monocyte recruitment, fate specification, and outcomes
after myocardial injury.

Data on the RNA sequencing analyses will be made publicly available through ImmGen or
will be provided directly from the corresponding authors on reasonable request. All other
supporting data are available within the article and its Online Data Supplement.

Detailed descriptions of mouse strains, reperfused myocardial infarction, permanent
myocardial infarction, DT cardiomyocyte ablation, heart transplantation, parabiosis,
intravital 2-photon microscopy, echocardiography, triphenyltetrazolium chloride staining,
flow cytometry, macrophage fate mapping and depletion strategies, immunostaining,
ethidium homodimer staining, Picrosirius red and wheat germ agglutinin staining, RNA
sequencing, RT-PCR (reverse transcription polymerase chain reaction), single-cell RNA
sequencing, and statistical analysis are provided in the Online Data Supplement.

Myocardial Injury Results in Shifts in Macrophage Ontogeny

To evaluate the extent of monocyte recruitment and macrophage compaosition in the injured
heart, we examined several mouse models of cardiomyocyte cell death, including permanent
myocardial infarction (left anterior descending artery ligation), reperfused myocardial
infarction (ischemia-reperfusion [IR] injury), and DT cardiomyocyte ablation. Consistent
with prior studies examining cardiomyocyte ablation, myocardial infarction, and angiotensin
I infusion models, we observed accumulation of Ly6CMNINCCR2+MHC-11 (major
histocompatibility complex 11)'°" monocytes and CCR2+MHC-11"9" macrophages in the
heart across each model indicating that CCR2+Ly6CM9" monocyte recruitment and
CCR2+MHC-11M9h macrophage accumulation represents a common and stereotyped
response to cardiomyocyte cell death (Figure 1A; Online Figure I).
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To verify that CCR2+Ly6CN9" monocytes and CCR2+MHC-11M9" macrophages were
derived from newly recruited cells and quantify the extent by which monocyte-derived
macrophages replace resident macrophages after myocardial injury, we used a tamoxifen-
inducible lineage tracing strategy (Figure 1B). Administration of tamoxifen to CX3CR1
(CX3C chemokine receptor 1)eCre Rosa26tdTomato mice for 2 weeks results in labeling of
>B80% of peripheral monocytes and cardiac macrophages under steady-state conditions.
After withdrawal of tamoxifen (2-week chase period), monocytes are replenished from bone
marrow progenitors and are tdTomato—, whereas cardiac macrophages remain tdTomato+
(Figure 1C and 1D). We then utilized the CX3CR1€MCre Rosa26tdTomato py|se-chase model
and examined tdTomato expression in monocytes and macrophages (CD45+CD64+ cells) 4
days after coronary ligation or IR injury. For these experiments, ischemia was induced
immediately after the 2-week chase period. Flow cytometry revealed that the majority of
CD64+ monocytes and macrophages in the heart 4 days after ischemic injury were tdTomato
- indicating that they were derived from newly recruited monocytes (Figure 1D).

Immunostaining provided additional information related to where monocyte-derived
macrophages accumulate in the infarcted heart. Although the overwhelming majority of
CD68+ macrophages located within infarct and border zones were derived from recruited
monocytes, we also observed that monocytes partially contributed to CD68+ macrophage
populations located within areas remote to the site of ischemic injury (Figure 1E and 1F).
Collectively, these data indicate that shortly after myocardial injury, a shift in macrophage
ontogeny occurs whereby resident macrophages are largely replaced by recruited
CCR2+Ly6Chi9" monocytes and CCR2+ monocyte-derived macrophages.

Monocyte-Derived Macrophages Recruited to the Injured Heart Are Distinct From Tissue-
Resident Macrophages

To determine whether monocyte-derived macrophages recruited to the heart after
cardiomyocyte cell death differed from tissue-resident cardiac macrophages, we performed
RNA sequencing on macrophage subsets isolated by flow cytometry using our DT
cardiomyocyte ablation model. We chose this model because it results in robust
cardiomyocyte cell death and avoids any confounding effects of inflammatory cell
recruitment associated with surgical thoracotomy. To delineate the timing of monocyte
recruitment and distinguish tissue resident from recruited macrophage populations in the
Tnnt2 (troponin T2)-DTR (DT receptor) model, we performed flow cytometry on Tnnt2-
DTR CX3CR1¢1Cre Rosa26tdTomato mice treated with tamoxifen using the pulse-chase
strategy described above. Monocyte recruitment was first evident 2 days after DT
administration and continued to increase through day 4 where the vast majority of cells were
either CCR2+ monocytes or CCR2+ macrophages (Figure 2A). Examination of tdTomato
expression revealed that immediately after DT administration, the majority of CCR2- and
CCR2+ macrophages within the heart were tdTomato+ indicating that they are of tissue-
resident origin. In contrast, 4 days after DT administration, the vast majority of CCR2+
macrophages were tdTomato— indicating they were derived from recruited monocytes.
CCR2- macrophages remained tdTomato+ indicating that they were derived from tissue-
resident macrophages and not recruited monocytes. Monocytes were tdTomato— at both time
points (Figure 2B).
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Based on these findings, we performed RNA sequencing on tissue-resident CCR2-
macrophages (CD64+Ly6C!*YCCR2- tdTomato+), tissue-resident CCR2+ macrophages
(CD64+Ly6C'WCCR2-+tdTomato+), recruited CCR2+ macrophages
(CD64+Ly6C!o"CCR2-+tdTomato-), and recruited monocytes
(CD64in_y6CNIINCCR2+td Tomato-) isolated by flow cytometry from the hearts of Tnnt2-
DTR mice after DT administration. Tissue-resident CCR2— macrophages were further
divided in FIt3 (Fms-related tyrosine kinase 3)-Cre negative and positive subsets to gain
insights on whether CCR2- macrophages of primitive or definitive hematopoietic origin
differentially responded to cardiac injury. Principal component analysis revealed that
recruited CCR2+ macrophages were distinct from tissue-resident macrophage subsets and
CCR2+Ly6CM9" monocytes (Figure 2C). When compared with tissue-resident CCR2+
macrophages, differential expression and gene set enrichment analysis and pathway analysis
revealed that recruited CCR2+ macrophages expressed higher levels of inflammatory
chemokines (Cxcl [chemokine (C-X-C) ligand] 1, Cxcl2, Ccl [chemokine (C-C) ligand] 2,
Ccl7, and Ccl9), cytokines (1118 and 1110), and genes implicated in adverse cardiac
remodeling (Areg [amphiregulin], Ereg [epiregulin], and Gdf [growth and differentiation
factor] 3). Recruited CCR2+ macrophages also expressed increased Argl (arginase 1), Mrcl
(mannose receptor C-type 1), and Hifla. (hypoxia-inducible factor 1a) and were enriched in
pathways associated with TNF (tumor necrosis factor), NF-xB (nuclear factor x-light chain
enhancer of activated B cells), IL (interleukin)-2, and RAS signaling. These data are
consistent with previous studies reporting robust monocyte infiltration and increased
expression of inflammatory chemokines and cytokines in the acute phases after myocardial
infarction.#3 Tissue-resident CCR2+ macrophages differentially expressed type | IFN
(interferon) stimulated genes and were enriched in pathways associated with IFN, IL-6, and
STAT3 (signal transducer and activator of transcription 3) signaling (Figure 2D through 2F).

It is important to note that compared with tissue-resident CCR2— macrophages, tissue-
resident CCR2+ macrophages also represented an inflammatory population; however, the
absolute expression of many cytokines and chemokines was less than that of recruited
CCR2+ macrophages (Online Figure I1A and I1B). Tissue-resident CCR2— macrophages
displayed the greatest divergence from monocytes and CCR2+ macrophage subsets (Figure
2C; Online Figure 11C). Tissue-resident CCR2- macrophages differentially expressed
several growth factors (Igfl [insulin-like growth factor 1], Pdgfc [platelet-derived growth
factor C], Hbegf [heparin-binding epidermal-like growth factor], and Cyr61 [cysteine-rich
angiogenic inducer 61]) and genes associated with myogenesis, DNA repair, epithelial
mesenchymal transitions, and RAS signaling (Online Figure 11B). Dividing CCR2-
macrophages based on FIt3-Cre activity did not identify significant differences in gene
expression (Online Figure 11C through I11E). These data confirm previously established
distinctions between tissue-resident CCR2- and CCR2+ macrophages and identify recruited
CCR2+ macrophages as a particularly inflammatory population that is distinct from tissue-
resident CCR2+ macrophages.
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Tissue-Resident CCR2+ Macrophages Are Monocyte Derived and Slowly Replenished Over

Time

To characterize the population dynamics of CCR2+ macrophages within the resting heart
and provide evidence that these cells truly represent a tissue-resident population, we
performed a series of cell dynamic and parabiosis experiments. Flow cytometry using
CCR29™/* reporter mice revealed that CCR2+ macrophages first entered the heart at 2
weeks of age and increased in abundance by 6 weeks of age. Previous studies have
demonstrated that CCR2-deficient mice have marked reductions in blood monocyte number.
44 To assess whether CCR2+ macrophages require monocyte input to maintain residence
within the heart, we examined control (CCR29™/*) and CCR2 knockout (CCR29P/9P) mice.
The number of CCR2+ macrophages within the naive heart was reduced in CCR29/9fp
mice compared with controls, suggesting that this population arises from blood monocytes
(Online Figure I11).

To determine whether CCR2+ macrophages in the naive heart represent a long-lived
population, we performed parabiosis experiments. Examination of cardiac macrophage
populations 6 and 12 weeks after parabiosis revealed that <25% of CCR2+ macrophages
were replenished by blood monocytes after 6 weeks of parabiosis and <50% of CCR2+
macrophages were replenished by blood monocytes during a 12-week period (Online Figure
IV). Collectively, these data indicate that CCR2+ macrophages within the naive heart are
long-lived and thus may be considered a tissue-resident population that is maintained by
gradual monocyte recruitment. Consistent with previous findings, monocytes only minimally
contributed to CCR2- macrophages.2340

Tissue-Resident CCR2- and CCR2+ Cardiac Macrophages Differentially Orchestrate
Monocyte Recruitment

Given the inflammatory potential of tissue-resident CCR2+ macrophages, we postulated that
this population is activated early after cardiomyocyte injury and may orchestrate the initial
recruitment of leukocytes to the injured heart through generation of chemoattractant factors.
To determine whether tissue-resident CCR2+ macrophages regulate monocyte recruitment,
we used a syngeneic heart transplantation model. Before transplantation, donor hearts were
perfused with saline to remove circulating leukocytes and placed on ice for 1 hour to mimic
ischemic injury. Donor hearts were then transplanted into a syngeneic recipient and
underwent reperfusion. As a result, heart transplantation represents an IR injury. An
advantage of the heart transplantation model is the ability to genetically separate donor
(tissue resident) from recipient (recruited) immune subsets. As a result, this model afforded
us the unique ability to investigate the requirements for tissue-resident CCR2- and CCR2+
macrophages in regulating monocyte recruitment, to dissect signaling pathways necessary
for activation of tissue-resident macrophages, and to visualize monocyte recruitment in real
time using 2-photon microscopy.

To evaluate the suitability of using our heart transplantation model to study monocyte
recruitment, we transplanted FIt3-Cre Rosa26!470Mato donor hearts into syngeneic FIt3-Cre
Rosa26YFP recipient mice (Figure 3A). Similar to other models of IR injury, heart
transplantation resulted in cardiomyocyte cell death and accumulation of CCR2+ monocytes
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and CCR2+ macrophages within the donor heart (Figure 3B and 3C). Examination of
tdTomato and YFP (yellow florescent protein) expression in monocytes and macrophages
within the donor heart revealed that donor tissue-resident macrophages (unlabeled and
tdTomato+) were replaced by recipient-derived monocytes and macrophages (YFP+; Figure
3D). Together, these data demonstrate the feasibility of using syngeneic heart transplantation
model to investigate monocyte recruitment.

To delineate whether cardiac tissue-resident macrophages influence monocyte recruitment in
our heart transplantation model, we treated CCR2-DTR and CD169-DTR donor mice with
DT for 4 days before transplantation to specifically deplete tissue-resident CCR2+ and
CCR2- macrophages within the donor heart, respectively (Figure 3E). CCR2-DTR mice
have previously been described to effectively deplete monocytes, macrophages, and
dendritic cells without significant effects on neutrophil or lymphocyte populations.*®
Examination of immune cell subsets in the naive heart demonstrated that macrophages
represent the predominant myeloid cell type with few monocytes and rare dendritic or T
cells present (Online Figure I). Importantly, neutrophils, monocytes, and lymphocytes are
contained within the vasculature compartment and are removed after saline perfusion.23
After DT treatment, CD169-DTR mice displayed no reductions in monocyte, lymphocyte, or
neutrophil abundance in the heart compared with controls, consistent with prior studies
showing that this mouse strain does not deplete lymphocytes, monocytes, neutrophils, or
dendritic cells (Online Figure VA).46

Compared with controls, donor hearts lacking tissue-resident CCR2+ macrophages
displayed substantially reduced recruitment of recipient monocytes and macrophages 2 days
after transplantation. In contrast, donor hearts lacking tissue-resident CCR2- macrophages
displayed marked increase in monocyte and macrophage recruitment (Figure 3G and 3H).
Depletion of donor-resident CCR2+ macrophages also resulted in reductions in interstitial
fibrosis 28 days after transplantation, as well as decreased neutrophil influx and
inflammatory chemokine and cytokine expression 2 days after transplantation (Figure 3|
through 3K; Online Figure VB). Collectively, these findings indicate that tissue-resident
CCR2- and CCR2+ cardiac macrophages differentially orchestrate monocyte recruitment
and that depletion of tissue-resident CCR2+ cardiac macrophages is sufficient to reduce
inflammation and interstitial graft fibrosis after transplantation.

MYD88 Signaling Is Required to Activate Tissue-Resident CCR2+ Macrophages

To test the hypothesis that tissue-resident CCR2+ macrophages promote monocyte
recruitment through MYD88 (myeloid differentiation primary response 88)-dependent
chemokine expression, we transplanted either CD45.2 control or Mydggflox/flox | ysm
(lysozyme M)-Cre donor hearts into recipient CD45.1 mice (Figure 4A). Within this model,
Myd88 expression was eliminated from cardiac macrophages (Online Figure VC), and
previous studies have shown that Myd88f1oX/ flox | ysM-Cre mice display normal LV systolic
function and LV chamber dimensions under baseline conditions.4” RT-PCR analysis of
CCR2- and CCR2+ donor macrophages sorted from control and Mydggflox/flox | ysp-Cre
donor hearts 2 hours after transplantation revealed that donor CCR2+ macrophages
expressed 111B, Tnf, Ccl2, and Ccl7 in an MYD88-dependent manner (Figure 4B). Flow

Circ Res. Author manuscript; available in PMC 2020 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bajpai et al.

Page 9

cytometry performed 2 days after transplantation demonstrated diminished recruitment of
recipient monocytes and CCR2+ macrophages into Myd8gflox/flox | ysM-Cre donor hearts
compared with control donor hearts (Figure 4C and 4D). These results indicate that tissue-
resident CCR2+ macrophages promote monocyte recruitment through an MYD88-
dependent mechanism presumably via the production of monocyte chemokines (CCL2/
MCP1 and CCL7/MCP3).

Intravital Imaging of Monocyte Recruitment

To gain further insights into how tissue-resident CCR2+ macrophages orchestrate monocyte
recruitment, we performed intravital 2-photon imaging of CCR2-DTR donor hearts
transplanted into CCR29™/* recipients. Six hours after transplantation, recipient CCR2+
monocytes were observed migrating from the coronary venous vasculature into the
myocardium of vehicle-treated CCR2-DTR donor hearts. In contrast, significantly fewer
CCR2+ monocytes were visualized within both the vasculature and myocardium of DT-
treated CCR2-DTR donor hearts (Figure 4E and 4F; Online Movies | through 1V).
Interestingly, transendothelial migration of monocytes was not adversely affected in DT-
treated CCR2-DTR donor hearts. Quantification of the percentage of CCR2+ monocytes that
extravasated into the myocardium revealed no significant differences between vehicle and
DT-treated groups (Figure 4G). Furthermore, crawling velocity was not reduced in DT-
treated CCR2-DTR donor hearts, indicating that the efficiency of transendothelial migration
was not impaired (Figure 4H). Collectively, these data suggest that the mechanism by which
tissue-resident CCR2+ macrophages govern monocyte recruitment differs substantially from
how they regulate neutrophil recruitment.#2 Specifically, tissue-resident CCR2+
macrophages promote monocyte infiltration into the myocardium through peripheral
monocyte mobilization or recruitment to the heart rather than enhancing endothelial cell
adhesion or transendothelial migration, consistent with established functions of CCL2 and
CCL7.4448

Tissue-Resident Cardiac Macrophages Govern Outcomes After Myocardial Infarction

To decipher whether manipulation of tissue-resident cardiac macrophage populations might
represent a clinically relevant approach to improve outcomes after myocardial infarction, we
investigated the effects of depleting tissue-resident CCR2- and CCR2+ macrophages in a
reperfused myocardial infarction model. We chose to use a closed-chest IR (90 minutes of
ischemia) model to minimize confounding effects of inflammation associated with surgical
thoracotomy.49%0 Tissue-resident CCR2- macrophages were depleted by treating CD169-
DTR mice with DT for 1 week before IR injury (Figure 3E). CD169-DTR mice did not
display significant reductions in monocyte, neutrophil, or lymphocyte numbers within the
blood, spleen, or heart after DT treatment (Online Figure VA). Tissue-resident CCR2+
macrophages were depleted by treating CCR2-DTR mice with a single injection of DT 4
days before IR injury. Immediately after DT treatment, CCR2+ monocytes (peripheral and
cardiac), tissue-resident CCR2+ macrophages, and rare cardiac dendritic cells were readily
depleted. However, 4 days after DT treatment, CCR2+ monocytes and cardiac dendritic cells
were repopulated, whereas cardiac tissue-resident CCR2+ macrophages remained absent
(Online Figure VIA through VIC). These data are consistent with prior studies showing that
both monocytes and dendritic cells are repopulated 4 days after DT administration into
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CCR2-DTR mice.*> Echocardiography further demonstrated that DT-treated CD169-DTR
and CCR2-DTR mice displayed no impairments in LV systolic function or altered chamber
dimensions compared with controls (Online Figure VID).

Echocardiography performed 28 days after IR injury revealed that depletion of tissue-
resident CCR2+ macrophages before IR injury resulted in improved LV systolic function,
smaller LV chamber dimensions, and reduced akinetic myocardium compared with controls.
In contrast, depletion of tissue-resident CCR2— macrophages resulted in diminished LV
systolic function, larger LV chamber dimensions, and increased akinetic myocardium
compared with controls and mice lacking tissue-resident CCR2+ macrophages (Figure 5A
through 5D). Pathological measurement of infarct size 2 and 28 days after IR injury showed
that although initial infarct area did not differ between experimental groups, depletion of
tissue-resident CCR2+ macrophages resulted in smaller sized infarcts at later time points
compared with controls. Depletion of tissue-resident CCR2— macrophages led to larger
sized infarcts compared with all other groups (Figure 5E through 5H). These findings
indicate that tissue-resident macrophages do not affect initial infarct size but rather influence
postinfarction LV remodeling.

Quantification of cardiomyocyte cell size 28 days after myocardial infarction revealed that
hearts depleted of tissue-resident CCR2+ macrophages before IR injury had reduced
cardiomyocyte hypertrophy compared with controls. Hearts depleted of tissue-resident
CCR2- macrophages before IR injury displayed increased cardiomyocyte hypertrophy
compared with all other groups (Figure 51 and 5J; Online Figure VII1). Consistent with our
heart transplant model, monocyte and neutrophil accumulation within the infarct 2 days after
IR injury was reduced in hearts lacking tissue-resident CCR2+ macrophages (Online Figure
VIII).

RNA Sequencing Reveals the Diversity of Macrophages in the Infarcted Heart

Provocative studies have suggested that monocytes display tremendous plasticity and can
adopt a broad spectrum of cell fates in response to different environmental stimuli.20-22 To
determine whether tissue-resident cardiac macrophages influence monocyte cell fate
decisions, we performed single-cell RNA sequencing of CD45+Ly6G-CD11b+CD64+
monocytes and macrophages isolated by flow cytometry from control, CCR2-DTR, and
CD169-DTR hearts 4 days after IR injury (Online Figure IXA). At this time point, the
majority of macrophage populations are derived from recruited monocytes (Figure 1D). DT
was administered to CCR2-DTR and CD169-DTR mice as outlined above to deplete tissue-
resident CCR2+ and CCR2- macrophages, respectively.

Combined analysis of 17 931 cells (100 000 reads per cell) revealed the presence of 1
monocyte cluster and 7 distinct macrophage clusters (Figure 6A and 6B; Online Figure X).
In addition, we found 1 macrophage cluster that was comprised of proliferating cells. Our
previous gating scheme focused on CCR2 and MHC-I1 expression was not sufficient to fully
resolve each of these putative cell types, and the expression of important inflammatory
cytokines, such as 111, differed between clusters (Figure 6C). Monocytes were readily
distinguished from macrophages based on the expression of Ly6C2 (lymphocyte antigen
6C2), Hp (haptoglobin), Plac8 (placenta-specific 8), and Thbs (thrombospondin; Online
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Figure 1XB and IXC). Macrophage markers were robustly expressed in all but one of the
remaining clusters (Online Figure IXD). This cluster was demarcated by the expression of
Tnip3 (TNFAIP3-interacting protein 3) and ltgh7 (integrin subunit B7) and lacked classic
monocyte markers. Because dendritic cells were largely excluded from our gating scheme,
we did not observe dendritic cell exclusive clusters (Online Figure IXE). However, dendritic
cell-specific transcripts were expressed in a subset of cells within the Tnip3/Itgb7 cluster
(Online Figure XI). Immunostaining of myocardial tissue 4 days after IR injury confirmed
the presence of LYVE1+ (lymphatic vessel endothelial hyaluronan receptor 1), IFIT3+ (IFN-
induced protein with tetratricopeptide repeats 3), ARG1+, ITGB7+, ANPEP+ (alanyl
aminopeptidase), and CCRL2+ (C-C chemokine receptor-like 2) macrophages each with
distinct cell morphologies and locations within the infarcted heart (Figure 6D; Online Figure
XI1).

Tissue-Resident Cardiac Macrophages Differentially Influence Monocyte Fate Specification

Comparative analysis between genotypes revealed significant alterations in macrophage
subsets after reperfused myocardial infarction. Depletion of tissue-resident CCR2+
macrophages before IR injury resulted in reduced numbers of Ifit3+ macrophages and
increased numbers of Tnip3/ltgh7+ macrophages. In contrast, depletion of tissue-resident
CCR2- macrophages before IR injury led to increased numbers of Argl+, Cxcll/Ccrl2+,
and proliferating macrophages and reduced numbers of Lyvel+ macrophages (Figure 7A
and 7B). Of note, Lyvel is expressed on resident CCR2- cardiac macrophages and may
reflect a compilation of resident and recruited macrophage populations.26:51 Immunostaining
analysis confirmed alterations in the abundance and distribution of macrophage subsets
between genotypes (Figure 7C through 7E).

Discussion

Collectively, our findings indicate that recruitment of monocytes and monocyte-derived
macrophages represents a hallmark response to cardiomyocyte cell death and establishes
tissue-resident cardiac CCR2+ macrophages as essential upstream mediators of the
inflammatory response to myocardial injury. MY D88-dependent activation of tissue-resident
CCR2+ macrophages results in the elaboration of inflammatory chemokines and cytokines
that orchestrate monocyte and neutrophil recruitment and influence monocyte fate decisions.
Furthermore, we conceptually demonstrate that therapeutic strategies that target tissue-
resident CCR2+ macrophages have the potential to improve outcomes after myocardial
infarction. By using intravital 2-photon imaging, we additionally show that tissue-resident
CCR2+ macrophages regulate myocardial infiltration of neutrophils and monocytes through
distinct mechanisms. Tissue-resident CCR2+ macrophages govern neutrophil infiltration at
the level of transendothelial migration#2 and control monocyte infiltration by regulating
peripheral monocyte mobilization and recruitment to the heart.

In addition to providing further evidence that cardiac monocytes and macrophages are
critical determinants of LV remodeling in the context of reperfused myocardial infarction,
our results exemplify the importance of carefully dissecting macrophage populations to
identify specific subsets that might serve as therapeutic targets to limit inflammation and
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postinfarct LV remodeling. Based on our findings, it is possible that agents that inhibit
activation of tissue-resident CCR2+ macrophages or neutralize effector cytokines elaborated
by tissue-resident CCR2+ macrophages would provide benefit after myocardial infarction.
Intriguingly, aging is associated with replacement of embryonic-derived tissue-resident
macrophages with monocyte-derived subsets.>2 As such, it is likely that the relative
abundance of tissue-resident CCR2+ macrophages increases with age. Consequently, the
aged heart may be primed to generate exaggerated inflammatory responses after myocardial
injury. This may represent one potential explanation for why aging is associated with
excessive inflammation and worse outcomes after myocardial infarction®? and highlight the
possibility that therapeutics that target tissue-resident CCR2+ macrophage may have
preferential efficacy in older populations.

Although this study clarifies key elements involved in the initiation of myocardial
inflammation and highlights previously unrecognized requirements for distinct tissue-
resident cardiac macrophage populations, several questions remain to be answered. MY D88
signaling is universally recognized as a key pathway mediating the effects of danger-
associated molecular patterns released from dying cells.>* However, because numerous
danger-associated molecular pattern signaling pathways, including TLRs (Toll-like
receptors; TLR2, TLR4, and TLR9) and the IL-1 receptor, may signal through MYD88,%° it
is not immediately clear which receptor(s) regulate the activation of tissue-resident CCR2+
macrophages in the context of myocardial IR injury. In fact, it is likely that a combination of
danger-associated molecular patterns and danger-associated molecular pattern receptors are
physiologically relevant, and future studies will be required to resolve these complexities.

Depletion of tissue-resident CCR2— macrophages resulted in increased recruitment of
monocytes in our heart transplant model. Interestingly, a similar result was not observed in
our myocardial infarction model. Instead, we found that depletion of tissue-resident CCR2-
macrophages before myocardial infarction resulted in significant shifts in monocyte fate
specification, augmentation of macrophage proliferation, increased infarct area, reduced LV
systolic function, and exaggerated LV remodeling. The mechanistic basis by which tissue-
resident CCR2- macrophages differentially influence monocyte recruitment and fate
decisions in these models is unclear. Possibilities include modulation of resident CCR2+
macrophage activation, release of anti-inflammatory mediators, and direct signaling to
recruited monocytes. These findings do suggest that modulation of monocyte fate decisions
represents an important mechanism that likely impacts outcomes after ischemic cardiac
injury. However, the exact mechanistic basis by which manipulation of resident cardiac
macrophages influences LV remodeling after myocardial infarction is likely multifactorial
with potentially important contributions from neutrophil and monocyte recruitment,
monocyte fate specification, cytokine signaling, and possibly other mechanisms yet to be
identified.

Single RNA sequencing uncovered at least 7 distinct macrophage subsets within the
infarcted heart. Each of these subsets displayed differing spatial-temporal dynamics and cell
morphologies consistent with concept that they represent unique cell types. Intriguingly,
tissue-resident macrophages had profound effects on monocyte fate decisions suggesting
that resident macrophages have the potential to not only influence outcomes after
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myocardial infarction through controlling monocyte recruitment but also by regulating
monocyte differentiation. For example, depletion of tissue-resident CCR2+ macrophages
resulted in both reduced monocyte recruitment and decreased accumulation of type | IFN-
biased macrophages—a population previously implicated in adverse LV remodeling.>® The
exact mechanisms by which tissue-resident macrophages orchestrate monocyte fate
decisions and the relevant functions of each macrophage subset are yet to be fully defined.
Future studies will undoubtedly tackle these important questions and provide critical insights
into new potential therapies for patients with ischemic heart disease.

This study is not without limitations. The strategies used to deplete tissue-resident CCR2-
and CCR2+ macrophages from the heart are imprecise. Although CD169-DTR specifically
depletes tissue-resident CCR2— macrophages from the heart, macrophage subsets present
within other tissues are also targeted, including intestinal, alveolar, and splenic subsets.
31,4657 Therefore, it is possible that macrophage populations outside of the heart may be
responsible for some of the observed phenotypes. However, by using our syngeneic heart
transplantation model, we were able to overcome this obstacle and show that tissue-resident
CCR2- macrophages in the heart inhibit monocyte recruitment. CCR2-DTR depletes tissue-
resident CCR2+ macrophages, monocytes, and dendritic cells.*> To selectively deplete
tissue-resident CCR2+ macrophages, we took advantage of the rapid repopulation kinetics of
circulating monocytes and dendritic cells after DT administration. Four days after DT
treatment, only tissue-resident CCR2+ macrophages were depleted from the heart. However,
it is possible that CCR2+ cells located within non-cardiac tissues contribute to some of the
phenotypes observed after myocardial infarction. Again, use of the syngeneic heart
transplantation model allowed us to circumvent this issue and demonstrate a specific
requirement for cardiac tissue-resident CCR2+ macrophages in orchestrating monocyte and
neutrophil recruitment.

In conclusion, we demonstrate that cardiac tissue-resident macrophages differentially control
monocyte recruitment and fate specification after cardiomyocyte cell death. We identify
tissue-resident CCR2+ macrophages as critical drivers of monocyte recruitment, fate
specification, inflammation, and adverse LV remodeling. Through single-cell RNA
sequencing of monocytes and monocyte-derived macrophages that infiltrate the heart after
myocardial infarction, we reveal unprecedented cell heterogeneity and uncover new avenues
to modulate inflammation in the injured heart. Our findings establish the mechanistic basis
by which monocytes are initially recruited to the injured heart and provide novel insights
into the functional diversity of monocyte-derived macrophages.
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Nonstandard Abbreviations and Acronyms

Areg amphiregulin

Anpep alanyl aminopeptidase

Argl arginase 1

CCR2 C-C chemokine receptor 2

Ccrl2 C-C chemokine receptor-like 2

CD cluster of differentiation

CX3CR1 CX3C chemokine receptor 1

CCL chemokine (C-C) ligand

CXCL chemokine (C-X-C) ligand

Cyr6l cysteine-rich angiogenic inducer 61
DTR diphtheria toxin receptor

DT diphtheria toxin

Ereg epiregulin

FLT3 Fms-related tyrosine kinase 3

GDF growth and differentiation factor
Hifla hypoxia-inducible factor 1a

Hp haptoglobin

Hbegf heparin-binding epidermal-like growth factor
IL interleukin

IFN interferon
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Novelty and Significance

What Is Known?

. After myocardial tissue injury, monocytes are recruited to the heart in large
numbers.
. In general, monocytes are considered an inflammatory population of cells that

contribute to collateral cardiomyocyte cell death, maladaptive tissue
remodeling, and heart failure pathogenesis.

. Little is understood about the mechanistic basis by which monocytes are
recruited to the injured heart and how they adopt inflammatory phenotypes.

What New Information Does This Article Contribute?

. As a stereotyped response to cardiomyocyte cell death, monocytes are
recruited to the heart and largely replace tissue-resident macrophages.

. Tissue-resident CCR2+ (C-C chemokine receptor 2) macrophages are
responsible for the initial recruitment of monocytes to the injured through an
MYD88 (myeloid differentiation primary response 88)-dependent pathway
that regulates the expression of chemoattractant chemokines; tissue-resident
CCR2- macrophages inhibit monocyte recruitment.

. Selective depletion of tissue-resident CCR2+ macrophages before myocardial
infarction results in divergent effects on left ventricular function, myocardial
remodeling, and monocyte recruitment.

. Single-cell RNA sequencing reveals that monocytes recruited to the injured
heart differentiate into heterogeneous populations of macrophages and that
tissue-resident macrophages are important determinants of monocyte fate
specification.

Recruitment of monocytes to the injured heart is thought to be an important source of
inflammation contributing to the development of heart failure. However, little is
understood on how monocyte recruitment is regulated and why these cells adopt
inflammatory behaviors. Using numerous models of cardiomyocyte injury, we show that
CCR2+ macrophages resident within the heart orchestrate monocyte recruitment, bias
monocytes toward inflammatory phenotypes, and contribute to heart failure pathogenesis.
Our findings implicate tissue-resident CCR2+ as a target for therapy after myocardial
infarction and provide new insights into the heterogeneity of monocyte-derived
macrophages.
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Figure 1. Myocardial injury triggers shifts in macrophage ontogeny.
A, Flow cytometry of cardiac monocyte and macrophage subsets under baseline conditions

and 4 d after myocardial ischemia-reperfusion (IR) injury (90 min of ischemia), left anterior
descending artery (LAD) ligation, and diphtheria toxin mediated cardiomyocyte ablation
(Tnnt2 [troponin T2]-DTR [diphtheria toxin receptor]). Displayed frequencies indicate the
percentage of CCR2+ (C-C chemokine receptor 2) monocytes and macrophages. n=4 per
experimental group. B, Schematic describing the strategy to distinguish tissue resident from
recruited macrophages. TAM: tamoxifen. C, Quantification of the percentage of tdTomato+
Ly6Chigh blood monocytes in CX3CR18MCe (CX3C chemokine receptor 1) Rosa26!dTomato
mice after 2 wk of TAM treatment (pulse) and 2 wk of TAM treatment followed by 2 wk of
normal chow (chase). n=5 per experimental group. D, Flow cytometry showing the
distribution of tdTomato+ cardiac macrophages (CD [cluster of differentiation] 64+) 4 d
after sham surgery, IR injury, or LAD ligation in CX3CR1¢MCe Rosa26tdTomato mice that
underwent the TAM pulse-chase protocol. Similar results were obtained from 5 independent
biological replicates. E, Immunostaining for CD68 (green), tdTomato (red), and DAPI (4°,6-
diamidino-2-phenylindole; blue) showing the spatial distribution of resident and recruited
macrophages 4 d after LAD ligation. x200 magnification. F, Quantification of the absolute
number of tissue-resident (tdTomato+) and recruited (tdTomato—) CD68+ macrophages in
the infarct, remote, and border zones after LAD ligation. n=4 per experimental group. *P
<0.05 compared with resident macrophages in the remote zone; ***P <0.05 compared with
all other groups.
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Figure 2. Recruited monocyte-derived macrophages are distinct from tissue-resident subsets.
A and B, Flow cytometry of cardiac monocyte and macrophage subsets in Tnnt2 (troponin

T2)-DTR (diphtheria toxin receptor; A) and Tnnt2-DTR CX3CR1&C"e (CX3C chemokine
receptor 1) Rosa26'dTomato (B) mice after diphtheria toxin administration and the TAM
pulse-chase protocol. Displayed frequencies indicate the percentage of CCR2+ (C-C

chemokine receptor 2) monocytes and macrophages (left) and the percentage of tdTomato+
monocytes and macrophages (right). n=4 per experimental group. C, Principal component

analysis (PCA) of RNA sequencing data obtained from sorted monocyte and macrophage

Circ Res. Author manuscript; available in PMC 2020 January 18.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bajpai et al.

Page 23

populations harvested from the hearts of Tnnt2-DTR FIt3-Cre Rosa26tdTomato mice after
diphtheria toxin administration. Tissue-resident CCR2- and CCR2+ macrophages were
isolated from hearts 36 h after diphtheria toxin (DT) treatment, recruited CCR2+
macrophages were isolated from hearts 4 d after DT treatment. Monocytes were harvested
36 h and 4 d after DT treatment. D, Heat map highlighting genes that were differentially
expressed between tissue-resident CCR2+ macrophages, recruited CCR2+ macrophages,
and CCR2+Ly6CN9" monocytes. E, Volcano plots showing the number of genes
differentially expressed between tissue-resident CCR2+ vs recruited CCR2+ macrophages
(left) and monocytes vs recruited CCR2+ macrophages (right). logFC: log based 2 fold
change, adj p: adjusted P (false discovery rate analysis). F, Gene set enrichment analysis
(GSEA) pathway analysis showing pathways and specific genes enriched in tissue-resident
and recruited CCR2+ macrophages. * £ <0.05 compared with baseline.

Circ Res. Author manuscript; available in PMC 2020 January 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bajpai et al.

E F

o
o

Page 24
A B control transplant =
Donor (C57/B6) Recipient (C67/B6) o
FIt3-Cre — > FIt3-Cre 3 *
Rosa2@wmmae 1 hour Rosa26"" s .
ischemia 3 -
£ 20
3 v
40um £
o cont. transpl.
c D post-transplant
post-transplant (d7) baseline d7 d14

{12

0.1

MHCI| ——>

Td (donor) ——

YFP (recipient) -

CCR2 —>

Donor (resident) populations (d0)
control CCR2-DTR CD169-DTR

Donor (CD45.2) Recipient
control ———— > CD451
CCR2-DTR 1 hour

CD169-DTR  ischemia

o

{o7:8. - 2.1

CCR2

Recipient (recruited) populations (d2)
control CCR2-DTR CD169-DTR

recruited macs/heart

MHCI| —>

recruited monocytes/heart

control CCR2-DTR J 8 K 20 CIcontrol B CCR2-DTR

& 5 ~ s

15

B

1 e & B¢

0 0.0 T T T T
control CCR2-DTR Ccl2 Ccl7 11p Tnf

picrosirius red

allograft fibrosis (%)
N
relative expression (AU)

Figure 3. Tissue-resident CCR2- (C-C chemokine receptor 2) and CCR2+ cardiac macrophages
differentially orchestrate monocyte recruitment.

A, Schematic describing the strategy to distinguish tissue-resident from recruited
macrophages in our model of syngeneic heart transplantation. B, Ethidium homodimer-1
(red) staining showing cardiomyocyte cell death 2 h after heart transplantation. C, Flow
cytometry showing the cell surface phenotype of CD (cluster of differentiation) 45+CD64+
monocytes and macrophages 7 d after heart transplantation. D, Flow cytometry
characterizing the lineage of cardiac CD45+CD64+ monocytes and macrophages after heart
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transplantation: no reporter (donor, FIt3-Cre negative), dTomato+ (donor, FIt3-Cre positive),
and YFP+ (yellow florescent protein; recipient FIt3-Cre positive). Displayed frequencies
indicate the percentage of each population. n=4 per experimental group. E, Schematic
describing the strategy to investigate whether tissue-resident (donor) macrophages influence
recipient monocyte recruitment after syngeneic heart transplantation. F, Flow cytometry of
CD45+CD64+ cardiac macrophages in diphtheria toxin-treated control, CCR2-DTR
(diphtheria toxin receptor), and CD169-DTR donor hearts before transplantation. Displayed
frequencies indicate the percentage of tissue-resident CCR2- and CCR2+ macrophages. *P
<0.05 compared with baseline. n=4 per experimental group. G, Flow cytometry of recipient
CD45.1+CD64+ monocytes and macrophages 2 d after heart transplantation. H,
Quantification of the number of recipient monocytes (CD45+CD64+Ly6C+CCR2+MHC-II
[major histocompatibility complex 11]'°") and macrophages (CD45+CD64+Ly6C!oW)
recruited to the heart 2 d after transplantation. I, Picrosirius red staining of cardiac allografts
28 d after transplantation (x100 magnification). J, Quantification of Picrosirius red staining
in control and CCR2-DTR allografts. K, Quantitative RT-PCR (reverse transcription
polymerase chain reaction) measuring chemokine and cytokine mRNA expression in control
and CCR2-DTR allografts 4 d after transplantation. Data are displayed as a box and
whiskers plot. Line indicates the mean value. n=4 per experimental group. *~<0.05
compared with control; **/£<0.05 compared with all other groups.
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Figure 4. Tissue-resident CCR2+ (C-C chemokine receptor 2) cardiac macrophages promote
monocyte recruitment through an MYDB88 (myeloid differentiation primary response 88)-
dependent pathway regulating monocyte mobilization.

A, Schematic describing the strategy to investigate whether MYDB88 is required for
activation of tissue-resident (donor) cardiac macrophages after syngeneic heart
transplantation. B, Quantitative RT-PCR (reverse transcription polymerase chain reaction)
measuring chemokine and cytokine mRNA abundance in tissue-resident (CD [cluster of
differentiation] 45.2+) CCR2- and CCR2+ macrophages isolated from control and Myd88
LysMC'e (lysozyme M) donor hearts by FACS (fluorescence-activated cell sorting) 2 h after
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transplantation. Data are displayed as a box and whiskers plot. Line indicates the mean
value. n=4 per experimental group. C, Flow cytometry of recipient CD45.1+CD64+
monocytes and macrophages isolated from control and CCR2-DTR (diphtheria toxin
receptor) donor hearts day 2 after transplantation. D, Quantification of recipient monocytes
(CD45+CD64+Ly6C+CCR2+MHC-II [major histocompatibility complex 11]'°%) and
macrophages (CD45+CD64+Ly6C!oW) recruited to control and Myd88 LysMC™e donor
hearts 2 d after transplantation. E, Intravital 2-photon microscopy images obtained 6 h after
transplantation of CCR2-DTR donor hearts into CCR2-GFP recipients. Control group:
CCR2-DTR donors; experimental group: CCR2-DTR donors treated with diphtheria toxin
(DT) before transplantation. Images are focused on coronary veins or adjacent myocardial
tissue (far right). red: intravascular Qdot; green: recipient monocytes. F, Quantification of
total number of CCR2+ cells. G, Quantification of the percent of CCR2+ cells that
extravasated into the myocardium. H, Quantification of crawling velocity. *~<0.05
compared with control.
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Figure 5. Tissue-resident cardiac macrophages govern outcomes after myocardial infarction.
A, Echocardiographic images of control, CCR2 (C-C chemokine receptor 2)-DTR

(diphtheria toxin receptor), and CD (cluster of differentiation) 169-DTR hearts 28 d after
closed-chest ischemia-reperfusion injury. Diphtheria toxin (DT) was administered before

ischemia-reperfusion injury. Yellow line denotes akinetic myocardial segments. B-D,

Quantification of ejection fraction (B), left ventricular (LV) diastolic and systolic volumes
(C), and akinetic area (D) 28 d after ischemia-reperfusion injury. E, Triphenyltetrazolium
chloride (TTC) staining of control, CCR2-DTR, and CD169-DTR hearts 48 h after
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ischemia-reperfusion injury. DT was administered before ischemia-reperfusion injury. White
area denotes the infarcted region, and red area indicates viable myocardial tissue. F,
Quantification of infarct area at 48 h based on TTC staining. G, Picrosirius red staining of
control, CCR2-DTR, and CD169-DTR hearts 28 d after ischemia-reperfusion injury. DT was
administered before ischemia-reperfusion injury. Red staining highlights the infarcted
region, and yellow staining indicates viable myocardial tissue. Asterisks denote a thrombus.
H, Quantification of infarct area 28 d after ischemia-reperfusion injury based on Picrosirius
red staining. I, Wheat germ agglutinin (WGA, red) staining demonstrating differential
effects on cardiomyocyte hypertrophy within the borderzone of control, CCR2-DTR, and
CD169-DTR hearts 28 d after ischemia-reperfusion injury. DT was administered before
ischemia-reperfusion injury. Blue: DAPI (4’,6-diamidino-2-phenylindole). x200
magnification. J, Quantification of cardiomyocyte cross-sectional area 28 d after ischemia-
reperfusion injury based on WGA staining. ** £ <0.05 compared with all other groups.
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Figure 6. Single-cell RNA sequencing of monocytes and macrophages after myocardial
infarction.

A, Unsupervised clustering of CD (cluster of differentiation) 45+Ly6G-CD11b+CD64+ cells
isolated by flow cytometry from control, CCR2 (C-C chemokine receptor 2)-DTR
(diphtheria toxin receptor), and CD169-DTR hearts 4 d after ischemia-reperfusion injury.
Diphtheria toxin (DT) was administered before ischemia-reperfusion injury. Each
experimental group consists of a pool of 4 biologically independent samples. Data are
displayed as a tSNE (t-distributed stochastic neighbor embedding) plot. B, Seurat-generated
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heat map showing the top 10 genes by Pexpressed in each cluster. Selected genes are noted
in the right column. C, Violin plots demonstrating that CCR2 and H2-Aa (MHC-II [major
histocompatibility complex 11]) expression does not resolve clusters identified by
unsupervised clustering. 111p expression is also displayed. D, Immunostaining of myocardial
tissue 4 d after ischemia-reperfusion injury. 100x tile scans showing the relationship of
macrophage subsets to the infarct area (dashed white line). Blue: DAPI (4’,6-diamidino-2-
phenylindole).
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Figure 7. Tissue-resident cardiac macrophages influence monocyte fate specification after
myocardial infarction.

A, tSNE plots separated by experimental group highlighting differences in cell abundance
within each cluster. Clusters showing the greatest differences between experimental groups
are labeled. B, Quantification of the percentage and absolute number of macrophages
assigned to each macrophage cluster in control, CCR2 (C-C chemokine receptor 2)-DTR
(diphtheria toxin receptor), and CD (cluster of differentiation) 169-DTR hearts on day 4
after ischemia-reperfusion injury. Diphtheria toxin (DT) was administered before ischemia-
reperfusion injury. Dotted box denotes clusters that showed differences in both the
percentage and absolute number of macrophages between experimental groups. C-E,
Immunostaining of control, CCR2-DTR, and CD169-DTR hearts 4 d after ischemia-
reperfusion injury for IFIT3 (IFN-induced protein with tetratricopeptide repeats 3; C),
ARG (arginase 1; D), and LYVEL (E). DT was administered before ischemia-reperfusion
injury. Dashed lines indicated the infarct area. Tile scan of x100 magnification images. Blue:
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DAPI (4’,6-diamidino-2-phenylindole). Quantification of the number of IFIT3+, ARG1+,
and LYVE1+ macrophages between experimental groups is shown below the
immunostaining images. **£<0.05 compared with all other groups.
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